We suggest that a singlet fermion S exists beyond the standard see-saw structure. It mixes with light neutrinos via interactions with the right-handed neutrino components, so that ν e → S conversion solves the solar neutrino problem. Supersymmetry endowed with R-symmetry is shown to give a natural framework for existence, mass scale and mixing (sin 2 2θ es ∼ (0.1 − 1.5) · 10 −2 ) of such a fermion.
Introduction
The solar neutrino problem [1] , the deficit of muon neutrinos in atmospheric neutrino flux [2] , the large scale structure of the Universe [3] and possible candidate events in a search for ν µ →ν e oscillations [4] (see however [5] ) give indications on non-zero neutrino masses and lepton mixing. Simultaneous explanation of all (or some) of these problems may call for the existence of more than three light neutrinos which mix among themselves [6] . Strong bounds on the number of neutrino species both from the invisible Z 0 -width and from primordial nucleosynthesis (NS) [7] require the additional neutrino to be sterile (singlets of SU (2)×U (1)).
The right-handed (RH) components of known neutrinos are natural candidates for such sterile states. However, in such a case one has to depart from the conventional see-saw mechanism which implies large masses to the RH components.
A number of schemes with light sterile neutrinos has been suggested [8] - [12] . Most of them are based on radiative mechanism of mass generation or on some hybrid schemes which include both the elements of the see-saw and radiative mechanisms. In these schemes sterile neutrino is considered on the same footing as the usual neutrinos. The lepton number is broken typically at the electroweak scale.
We will consider another possibility. We suggest that usual see-saw mechanism works with all three right-handed neutrinos having large Majorana masses: M ∼ 10 10 − 10 12 GeV. At the same time the theory contains an additional singlet fermion S which has its origin beyond the standard lepton structure. The singlet S is very light and mixes with neutrinos.
Supersymmetry (SUSY) can provide a natural justification for the existence of S. Many extensions of the standard model contain singlet scalar fields: singlet majoron [13] , invisible axion [14] , or scalars for spontaneous generation of the µ-term [15] , etc.. The supersymmetric partners of such scalars could be identified with S. Moreover, SUSY can play a crucial role in the determination of mass scales in the singlet sector.
In this paper we consider possible origin of light fermion S, its mass and mixing with light neutrinos. The models with S are constructed so that they can simultaneously explain the above mentioned neutrino anomalies.
Light singlet fermion and the solar neutrino problem
Primordial nucleosynthesis (as well as the data from SN87A) gives strong bound on the oscillation of active neutrinos into sterile neutrino [16] . This practically excludes ν µ → S oscillations as a solution of the atmospheric neutrino problem. The singlet fermion with mass in the eV-range could be considered as a candidate for hot dark matter (HDM) [6] . However, if its density satisfies the NS bound on the number of additional neutrino species: δN ν < ∼ 0.1, it can not reproduce the optimal parameters [3] for the large scale structure formation in the Universe: m S ∼ (2 − 5) eV and Ω s ≃ 0.2, where Ω s is the energy density of S in the Universe in the unit of the critical density. Therefore it may happen that the only place where singlet fermion plays a role is the solar neutrino problem.
Let us find the region of parameters ∆m 2 and sin 2 2θ es , where θ es is the mixing angle of ν e with S for which the resonance conversion ν e → S inside the Sun can explain the existing data. It is instructive to compare the sterile (ν e → S) and the active neutrino (ν e → ν f ) cases.
The ν e → S solution of the solar neutrino problem differs from the ν e → ν µ (ν τ ) solution in two ways.
(1) The effective density, ρ s , for ν e → S conversion is smaller than that, ρ f , for ν e → ν µ conversion:
case, where ν µ interacts via neutral currents. This influences the allowed region of mixing angles. Indeed, for unfixed original Boron neutrino flux (which has the largest, ∼ 50%, theoretical uncertainties) the bound on sin 2 2θ es is determined by the "double ratio" [18] :
where R Ar ≡ Q , then the bound on the mixing angle becomes: sin 2 2θ es < ∼ 1.5 · 10 −2 . This also satisfies the NS bound [16] .
Resonance conversion implies that m S > m νe and if there is no fine-tunning of masses, m S ≃ √ ∆m 2 . Thus using (1) and known results for flavour conversion as well as bounds on sin 2 2θ es discussed above we get the following range of the parameters:
3 Mass and mixing of singlet fermion via right-handed neutrino
Let us consider the following Lagrangian,
where L e is the lepton doublet, H 2 is the Higgs doublet and ν c e is the right-handed neutrino component. We suggest that there is no direct coupling of S with L e due to a certain symmetry, and the mass term SS is absent or negligibly small. The Dirac mass m e and the mixing mass 
The diagonalization of (4) is straightforward: one combination of the ν e and S, ν 0 = cos θ es ν e + sin θ es S , is massless, and the orthogonal combination,
acquires a mass via the see-saw mechanism:
The mass of the heavy neutrino is ≃ M e . The ν e -S mixing angle is determined by (2), we find
According to (5) the RH mass scale is
Consider now the models which lead to the Lagrangian (3) with parameters (7) and (8) .
The simplest possibility is to use the U(1) symmetry of lepton number and to generate the masses in (3) by VEV σ of the scalar singlet, σ. Prescription of the lepton charges
(1, −1, −3, 2) for (ν e , ν c e , S, σ) admits the following interactions in the singlet sector:
where M P l is the Planck mass. The Lagrangian (9) reproduces the mass terms of (3) with
The desired values of M e and m es (7) (8) can be achieved with e.g., σ ≃ 10 10 GeV, h ≃ 1 and h ′ ≃ 10 −2 . The last term in (9) 
where lepton numbers of the superfields (L e , ν c e , σ, σ ′ , H 2 , y) are (1, −1, 2, −2, 0, 0). Lepton number is spontaneously broken by non-zero VEV's of σ and σ ′ . As the result, the majoron and its fermionic partner, the majorino, are massless in the supersymmetric limit.
The identification of the majorino with S requires, however, the following complication of the model. 
and consequently too big value of
eV is needed. One can get A y − B y = 0 at tree level in no-scale supergravity or in the case of the non-minimal kinetic term discussed below. However, non-zero value of A y − B y will be generated due to renormalization group evolution of soft-terms. In order to suppress the mass below the solar neutrino mass scale (2), tuning of parameters is needed: f One can find that the additional sector requires at least several new fields with non-zero lepton numbers which leads to further complication. R-parity violation is a general feature of models in which S is identified with fermionic superpartner of scalars acquiring non-zero VEV as in models for majoron, axion and µ-term.
The above problems can be avoided in models with R-parity conservation. In this case, the lightest supersymmetric particle can be served as cold dark matter of the Universe. To preserve R-parity one should place the singlet S in the superfield with zero VEV. Consider the superpotential:
Its structure is determined by the R-symmetry under which the fields carry the R-charges:
(1, 1, −1, 2, 0, 0) for (L e , ν c e , S, y, σ, H 2 ) .
Note that the R-symmetry forbids the bare mass terms SS as well as the coupling SSσ. Since lepton symmetry is explicitly broken no majoron appears. In the global SUSY limit, σ gets non-zero VEV σ ≃ M ∼ 10 11 GeV which generates the Majorana mass of ν c e : M e = f σ . SUSY breaking induces the following soft-breaking terms in the scalar potential:
where z i denotes the fields appearing in the superpotential (12) and A L , etc., are the softbreaking parameters. Minimization of the potential shows the following:
(1) The fields L e , ν c e , S do not develop VEV and therefore R-parity is unbroken. (2) The field y acquires non-zero VEV due to the soft-breaking terms as in (11) . Consequently, the mixing mass for S and ν c e appears:
Since m es >> m 1 , no strong tunning of A y − B y is needed as in the previous case (10).
At A y − B y ∼ O(m 3/2 ), the desired value of m es (7) can be obtained by choosing f ′ /λ ∼ 10 −3 − 10 −2 . However, more elegant possibility is that A y = B y at the Planck scale but a non-zero value for A y − B y is generated due to renormalization group evolution through the differences in interactions of σ and y. In this case one expects
whereλ represents a combination of the constants λ, f and f ′ . As a consequence, the value m es ∼ 0.1 GeV does not require smallness ofλ or f ′ .
The equality A y = B y at the Planck scale can be achieved by the introduction of nonminimal kinetic term with mixings between the observable and hidden sectors. Let us introduce the following Kähler potential:
where C and Z represent an observable and hidden sector field, respectively. Then usual assumption that the observable sector has no direct coupling to the hidden sector in superpotential, W = W (C) + W (Z), leads to the universal soft-terms:
provided a = W (Z) / M P l ∂W/∂Z + W (Z)Z/M P l . Note also that the field C does not acquire a soft-breaking mass. This mechanism can be generalized to arbitrary number of observable sector fileds. For our purpose C ≡ σ, y, i.e., we couple σ and y to the hidden sector field Z with the above-mentioned choice for a.
Note that σ field plays two-fold role in the model: it gives Majorana mass of ν c and it also generates mixing of ν c with S by inducing a VEV for y after the SUSY breakdown. Moreover, σ can be used to generate the µ-term via the non-renormalizable interaction:
The µ-term can also be generated through the renormalizable interaction: yH 1 H 2 in the case
It is easy to incorporate the spontaneous violation of lepton number or/and Peccei-Quinn symmetry into the model. As in (10) one should introduce the superfield σ ′ with lepton number −2 and zero R-charge and replace the σ 2 term of (12) by σσ ′ . In this way the µ-term (18) can be naturally related to the solution of the strong-CP problem via Peccei-Quinn mechanism [21] , and the majoron will coincide with the invisible axion [22] .
Models with light singlet fermion
Two other neutrinos, ν µ and ν τ , can be included in the scheme by adding to ( 
lead to a mass matrix in (ν µ , ν τ , ν
The mass matrix of charged leptons is diagonal. The diagonalization of (20) 
For m µ ∼ 1 GeV, m τ ∼ 100 GeV and M µτ ∼ 3 · 10 10 GeV one gets m 2 ≃ 3 eV which is required for the HDM components. In the limit of exact horizontal symmetry ν e -S and ν µ -ν τ form two unmixed blocks and in particular, m µs = m τ s = 0. 
For the atmospheric neutrinos one needs ∆m 
and to have ∆m Future solar neutrino experiments will allow to prove or reject the hypothesis of the ν e → S conversion in the Sun [23] and thus to test the models elaborated in this paper.
Note added: When our work was practically accomplished we encountered the paper [24] discussing non-supersymmetric model based on discrete symmetry in which sterile neutrino mixes with usual light neutrinos via RH components. Our results have been reported at XXX Rencontres de Moriond, March 11-18 (1995) , Les-Arcs Savoie, France (to be published).
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